Carney complex is an autosomal dominant syndrome characterized by multiple neoplasias, including myxomas at various sites and endocrine tumors, and lentiginosis. The genetic defect(s) responsible for the complex remain(s) unknown. We studied 101 subjects, including 51 affected members, from 11 North American kindreds with Carney complex. Blood samples were collected from patients and their family members. Hospital records, photographs, and tissue specimens of deceased individuals were reviewed. DNA was extracted from blood samples, patient-derived cell lines, and/ or paraffin-embedded tissues. Linkage analysis was performed with highly polymorphic microsatellite markers, distributed over areas of the human genome harboring the most likely candidate genes. The most prevalent clinical manifestation in patients with Carney complex was spotty skin pigmentation, similar to that observed in Peutz-Jeghers and other lentiginosis syndromes. Skin and cardiac myxomas, Cushing syndrome, and acromegaly were present in 62, 30, 31, and 8 percent of the patients, respectively. Linkage was obtained for three markers on the short arm of chromosome 2 (2p16), with a maximum two-point lod score of 5.97 at ϭ 0.03 for the marker CA-2 (odds in favor of linkage 10 6 :1). The flanking markers CA7 and D2S378 defined a region of ‫ف‬ 6.4 cM that is likely to contain the gene(s) associated with Carney complex. Candidate genes in the proximity, including the propiomelanocortin and the DNA-mismatch repair hMSH2 genes, were excluded. We conclude that the genetic defect(s) responsible for Carney complex map(s) to the short arm of chromosome 2 (2p16). This region has exhibited cytogenetic aberrations in atrial myxomas associated with the complex, and has been characterized by microsatellite instability in human neoplasias. 
Introduction
Carney complex is a familial multiple neoplasia and lentiginosis syndrome. Historically, the complex described the association of: ( a ) primary pigmented nodular adrenocortical disease (PPNAD), a pituitary-independent, primary adrenal form of hypercortisolism, ( b ) lentigines, ephelides and blue nevi of the skin and mucosae, and ( c ) a variety of nonendocrine and endocrine tumors (1) . The latter include myxomas of the skin (2), heart (3-5), breast (6) , and other sites (7) (8) (9) (10) , psammomatous melanotic schwannoma (11, 12) , growth hormone-producing pituitary adenoma (13) , testicular Sertoli cell tumor (14) , and possibly other benign and malignant neoplasms, including tumors of the thyroid gland and ductal adenoma of the breast (1, 15) . Although the existence of the complex as an unrecognized, inherited syndrome was first suggested in 1985 (16, 17) , combinations of several components of the syndrome, and their familial occurrence had been reported earlier. Thus, the pathologic findings of the adrenal glands, multiple, small, pigmented, adrenocortical nodules and internodular cortical atrophy, were described in children and young adults with Cushing syndrome as early as in 1949 (18) (19) (20) (21) (22) . Similarly, by then, several familial cases of cutaneous and cardiac myxomas associated with lentigines (lentigo simplex) or ephelides and blue nevi of the skin and mucosae had been described under the acronyms, NAME (for nevi, atrial myxoma, myxoid neurofibromata, and ephelides) and LAMB (for lentigines, atrial myxoma, mucocutaneous myxoma, blue nevi) syndromes (16, 17, (23) (24) (25) (26) (27) (28) (29) (30) .
Carney complex has some similarities with, but also major differences from the familial multiple endocrine neoplasia (MEN) syndromes MEN-I, MEN-II A, and -II B and the lentiginoses. It shares Cushing syndrome with the MENs, but this is uniquely caused by PPNAD in the complex. It also shares with them acromegaly due to a growth hormone-producing pituitary adenoma. This tumor, common in MEN-I, is relatively infrequent in the complex (13, 31) . Likewise, Carney complex shares characteristic spotty skin pigmentation with the familial lentiginoses, which include the Peutz-Jeghers syndrome, the syndrome of lentigines and hypertrophic cardiomyopathy known by the acronym "LEOPARD," and the newly described "syndrome of arterial dissections with lentiginosis" (32) (33) (34) . Interestingly, large-cell calcifying Sertoli cell tumors, which occur in Carney complex, are also occasionally seen in Peutz-Jeghers syndrome, as also are breast, ovarian and thy-roid neoplasias (35) . Finally, Carney complex, like the MEN, Peutz-Jeghers and LEOPARD syndromes, is inherited in an autosomal dominant manner (36) .
The chromosomal loci of and/or the genetic defects leading to MEN-I and MEN-IIA and -IIB have been mapped to chromosome 11 and 10, respectively, while they remain unknown in Carney complex and the lentiginosis syndromes (37) (38) (39) . In the present study, we analyzed the clinical data of 11 kindreds with Carney complex from the United States and Canada and collected blood for DNA extraction from their members. We performed linkage analysis using highly polymorphic markers from areas of the human genome likely to be involved. These were the chromosomal loci associated with cytogenetic aberrations of atrial myxomas excised from patients with the complex (40) (41) (42) , those of the propiomelanocortin (POMC) gene, corticotropin-and melanotropin-receptor genes, as well as of several components of the guanine-nucleotide binding protein (G-protein) pathway, which mediates corticotropic and melanotropic actions (43) (44) (45) (46) .
Methods
Patients. The institutional review boards of National Institute of Child Health and Human Development, NIH, and the Mayo Clinic approved the contact of families with Carney complex and the participation of patients and their relatives in this study, after giving informed consent. The families were seen by two of the authors (C.A.
Stratakis and J.A. Carney). Hospital records, biopsy reports, and other clinical information were reviewed. Tissue slides of lesions excised from affected patients were reviewed by one of the authors (J.A. Carney) for confirmation of the diagnosis. Clinical photographs were obtained from all participating individuals and deceased individuals. For the latter, hospital records, pathologic slides, and formalin-fixed, paraffin-embedded tissues were obtained whenever possible, after a request signed by a first-degree relative was placed to the responsible institution. Blood and tissue samples were collected from a total of 101 persons from 11 families located throughout the United States (10 families) and Canada (1 family) (Fig. 1) . Kindreds evaluated by NIH were assigned a two-digit code number (CAR01 through 03), whereas those evaluated by Mayo Clinic, a three-digit code number (CAR101 through 108). Each sample was given a two-digit number that reflected the order of its collection (for example, CAR107.03 represents the third specimen collected from the CAR.107 family). Clinical information for most of these families has been reported before (5, 10, 16, (47) (48) (49) (50) (51) (52) (53) (54) .
Analysis of clinical data. Patients who had at least two of the characteristic lesions of the complex were included in the analysis as affected with Carney complex. The lesions were: cardiac, eyelid, ear, oral, nasal, vulvar, penile, and other site skin myxoma, breast, and/or uterine myxoid tumor, psammomatous melanotic schwannoma, PPNAD, growth hormone-producing pituitary adenoma, testicular Sertoli cell tumor, and spotty skin and mucosal pigmentation. Persons who were older than 20 years of age and lacking two of the above findings were considered unaffected. Seven subjects were included as unknown (noted with a question mark [?] in the kindred pedigrees [ Fig. 1 ]), because conclusive information could not be obtained about Figure 1 . Pedigrees of the 11 families included in the study (clinical information in 9 of the 11 kindreds was reported previously: CAR01 [47] , CAR02 [48] , CAR101 [5, 49] , CAR102 [36, 50] , CAR103 [51] , CAR104 [52] , CAR105 [53, 54] , CAR107 [10] , and CAR108 [16] ). Open squares and circles represent unaffected male and female patients, respectively. Solid squares and circles represent affected subjects. Symbols crossed by a line represent deceased individuals. The individuals marked with a question mark were of unknown affectation status. Individuals used in the linkage study are indicated by an asterisk. Two lines crossing an horizontal line between a husband and a wife indicate separation or divorce; a blood sample was not obtained in most of these cases. their status. 51 affected patients were used in the clinical analysis (Table I). Eight of these were not used in the linkage analysis because a specimen was not available. 64 samples were typed (indicated with an asterisk [*] in Fig. 1 ) for the linkage study, including 43 affected, 14 unaffected, and 7 unknown status individuals.
Establishment of permanent cell lines and DNA preparation. 20 ml of blood was obtained from each person in an heparinized syringe and tube. The PBL were separated on a Ficoll gradient and immortalized with EBV, as previously described (55) . For DNA extraction, 10 6 cells were added to a 10% Chelex 100 resin solution (Bio-Rad Laboratories, Hercules, CA), heated at 95 Њ C for 10 min, then placed on ice for 1 min, centrifuged at 12,000 rpm for 3 min, and the supernatant was collected for use. A commercial kit was used for extraction of DNA from paraffin-embedded tissue specimens (Oncor Inc., Gaithersburg, MD).
PCR conditions and primers. PCR analysis was performed with polymorphic markers (Research Genetics, Huntsville, AL) from the GENETHON published map of the human genome (56). The markers CA2, CA5, CA7, CA16, CA18 on chromosome 2p and the trinucleotide-repeat polymorphism from within the POMC gene had been previously reported (57) (58) (59) . For each of the markers, the reverse primer was end-labeled with ␥ -32 P, using polynucleotide kinase (New England Biolabs, Beverly, MA) (60). 10 g of DNA was used in each PCR. The reaction was carried out in a 10 l volume containing 1 l of DNA solution, 10 pmol of each unlabeled primer, 20 g of each dNTP, 0.1 pmol of 32 P-labeled primer, in 1.5 mM MgCl 2 PCR buffer, and 1 U of Taq polymerase (Perkin-Elmer Roche, Branchburg, NJ). 10% DMSO (Sigma Chemical Co., St. Louis, MO) was added in the reaction mixture for the CA2-CA18 markers. 30 cycles were performed (94 Њ C for 1 min, 57 Њ C for 1 min, 72 Њ C for 30 s), followed by a final 10 min extension at 72 Њ C. The conditions for the CA2-CA18 markers were slightly different (57, 58) . For the POMC gene marker, ␣ -33 P was used in the PCR mixture instead of an end-labeled primer. The conditions of the reaction were as previously described (59) . Aliquots of amplified DNA were mixed with an equal volume of loading buffer, denatured at 94 Њ C for 5 min, and electrophoresed on a 6% polyacrylamide gel (Promega Corp., Madison, WI).
Linkage analysis. We confirmed autosomal dominant inheritance of Carney complex in our patient population by performing segregation analysis of families with a proband parent, thus avoiding an ascertainment bias. Kindreds with an offspring of unknown clinical status were not included in this analysis (data not shown). Linkage *Thyroid tumors included (in parentheses the number of patients): thyroid papillary carcinoma (1), benign thyroid nodules and cysts (4). ‡ Other tumors included (in parentheses the number of patients): colorectal cancer (1), pancreatic adenocarcinoma (1), lung granuloma (1), atypical adrenocortical neoplasm (1), testicular adrenal rest tumor (1), angiomyxoma (1), spermatocele (1), ovarian cystadenoma (1) .
§ The total number of sudden deaths or near-death events and their incidence is given in brackets.
analysis was then performed with the LINKAGE (Version 5.1) package of computer programs, assuming a dominant model of inheritance, 100% penetrance in both sexes, and a gene frequency of 0.0001 (61) . Map distances were taken from published sources (56-58). The allele frequencies of all markers were calculated based on 30 chromosomes from the spouses of the patients. Two-point lod scores and multipoint analysis were obtained with the MLINK, LINKMAP, and FASTLINK computer programs, as described before (55, 60, (61) (62) (63) .
Results
Clinical profile. The patients' clinical profile is summarized in Table I . Spotty skin pigmentation, similar to that seen in Peutz-Jeghers and LEOPARD syndromes, was the most common clinical manifestation of Carney complex, present in 96% of the patients. There was great variability in the number and color of the pigmented spots and the presence of blue nevi. The endocrine manifestations of the complex, namely, acromegaly and Cushing syndrome, were also quite variable. Of major clinical significance was the occurrence of early sudden death or near death events in 16% of our patients.
Linkage analysis. There was no evidence for linkage on chromosome 18, the long arms of chromosome 16 and 20 and the short arm of chromosome 12, all sites of potential candidate loci (40-46, 64, 65) . Since telomeric translocations of chromosome 2 had been observed in cardiac myxomas and the gene that codes for POMC is located on the short arm of chromosome 2 (2p) (41, 42, 46), we examined this chromosome for linkage. A maximal two-point lod score over 3 was obtained for three markers on the short arm of chromosome 2. The markers CA-5, CA-2, and D2S123 produced lod scores of 3.26 ( ϭ 0.07), 5.97 ( ϭ 0.03), and 3.73 ( ϭ 0.04), respectively. Six other markers from this region produced positive lod scores under 3 (Table II) . The D2S123 locus has been linked to hereditary nonpolyposis colorectal cancer and a detailed map of this area of the short arm of chromosome 2p is available (Fig. 2) (57, 66) .
Analysis of recombinant haplotypes and multipoint lod score. To determine the most likely position of the Carney complex gene(s) relative to chromosome 2p loci, we analyzed recombinant haplotypes in the families (Table III) . 13 patients had undergone recombination between the CA-16/CA-18 and D2S119 loci. 11 of these individuals appeared to have simple, single recombination events. The most informative of these were in patients CAR01.07, 01.10, 104.08, and 104.10. These individuals retained the disease-linked allele for the D2S123 and CA-2 markers but had undergone recombination for more distant loci, bordered by the D2S378 markers towards the centromere and the CA-7 marker towards the telomere. Similarly, patient CAR106.07 retained the disease-linked allele for the CA-2 and D2S123 markers. Assuming that the same genetic defect was involved in all the families studied here, the conclusion to be drawn is that the gene responsible for Carney complex is located in an area ‫ف‬ 6.4 cM long, bordered by the CA7 and D2S378 markers (Fig. 2) .
Multipoint linkage analysis was consistent with this interpretation. Using the CA-2/ D2S123 , D2S378 , and CA-7 loci as fixed points, a maximal multipoint lod score of 3 indicated that the most likely location of the Carney complex gene(s) was ‫ف‬ 4 cM centromeric to the CA-2/ D2S123 locus (data not shown). One affected individual (CAR102.13) appeared to be a double recombinant for the disease-linked allele (Table III) . Because of this individual and the lack of other polymorphic markers within the 6.4 cM region defined by the recombination events shown in Table III , a more refined mapping of the gene(s) for Carney complex was not possible. Family CAR102 demonstrated neither evidence for clinical heterogeneity nor recombination events in members other than CAR102.13 that could have pointed to genetic heterogeneity. Exclusion of the POMC and hMSH2 genes. The POMC gene, coding for ACTH and ␣ -melanocyte-stimulating hormone and previously considered a likely candidate for Carney complex, was mapped by in situ hybridization to chromosome 2p21-22, an area proximal to 2p16 (46, 67) . We used a polymorphic marker from within the coding sequence of the POMC gene (Fig. 2) (59) and excluded the latter as a candidate gene for this disorder. Another gene located in the area, the hMSH2 gene, responsible for DNA stability and tumor suppression, lies in the 8.5-cM region that is bordered by the D2S119 and CA-5 loci on chromosome 2p (Fig. 2) (57, 66, 68) . Four affected (CAR01.05 and 01.02, 102.13, and 106.07) and two unaffected (CAR104.08 and 104.10) individuals demonstrated recombination events in this region, making hMSH2 an unlikely candidate gene for Carney complex (Table III) .
Discussion
Carney complex is a rare disorder of unknown incidence and pathogenesis. Close to 200 patients have been reported from diverse ethnic groups, since the initial description of the complex (1, 16, 17, 64, (69) (70) (71) (72) . In the late 1980's, investigators reported the presence of "adrenal-stimulating immunoglobulins" leading to corticotropin-independent adrenocortical nodular hyperplasia in affected subjects and suggested that "Carney complex was an inherited disease of immunological origin" (52, 73) . In the present study of 11 families with Carney complex from the United States and Canada, we found no evidence of autoimmune disease or immune dysfunction. In addition, sera from patients seen at the National Institutes of Health contained no adrenal-stimulating immunoglobulins by in vitro testing (Gomez, M.T., and G.P. Chrousos, unpublished information).
Like the multiple neoplasia and lentiginosis syndromes, Carney complex affects many organs and systems. The lesions associated with the complex are genetically transmissible and multicentric, often bilateral in paired organs, and originate from cells of mesenchymal (myxomas) or neural crest origin (spotty skin pigmentation, endocrine tumors). These features suggest that the genetic defect(s) leading to Carney complex, is(are) involved in the early development, growth, and proliferation of affected cells. Thus, candidate genes include those involved in tumor suppression and the control of the cell cycle, as well as those with specific effects on the function and growth of mesenchymal and zona fasciculata cells and melanocytes.
To localize the gene(s) for Carney complex, we elected to use the systematic positional cloning approach, starting with linkage analysis, using polymorphic markers from likely areas of the genome. We obtained positive lod scores for nine markers on the short arm of chromosome 2. Three of these markers (CA-5, D2S123 , CA-2) gave a maximal two-point lod score of over 3, which is required as evidence for linkage. The CA-2 marker produced a two-point lod score of 5.97, which represents 10 6 :1 odds in favor of linkage of the Carney complex gene(s) with this area of chromosome 2 (2p16). CA-2 lies within 0.001 cM of the D2S123 locus. Analysis of the recombination events in the members of the families studied, indicated that two loci (CA-7 and D2S378 ) bordered a 6.4-cM region that was likely to contain the Carney complex gene(s) (Fig. 2) . One affected patient (CAR102.13, Table III ), appeared to be a recombinant for the mapped region. Most likely, he had sustained a double recombination that occurred during maternal meiosis. The lack of availability of other polymorphic markers from this area that could define the disease-associated segment of chromosome 2 in this patient, precluded a more refined mapping of the Carney complex locus. Multipoint linkage analysis defined a region ‫ف‬ 4-cM long bordered by the CA-2 and D2S378 markers as the most likely area harboring the responsible gene(s).
The POMC gene is located in the proximity of 2p16 (Fig. 2 ) and was considered a strong candidate gene for Carney complex because of the role of its proteolytic products in adrenocortical cell and melanocyte growth, proliferation, and function (46) . POMC was excluded as a candidate gene for the complex by the recombination events observed in our patients (Table III) and using a trinucleotide-repeat polymorphism from within the POMC-coding sequence. The latter did not segregate with the disease-associated allele in one of our kindreds with no other recombinants for the entire 16.9 cM region that harbored the area between the D2S119 and CA16/CA18 loci.
Hereditary nonpolyposis colorectal cancer, another hereditary neoplasia disorder, was recently mapped to the CA-2/ D2S123 locus (Fig. 2) (66) . The gene for hereditary nonpolyposis colorectal cancer was cloned and its coded protein was found to play a direct role in DNA mismatch repair, increasing microsatellite stability and enhancing mutation avoidance in human cells (68) . In four patients the disease-associated allele did not segregate with the markers in close proximity to the hMSH2 locus (Table III) , making this gene an unlikely candidate for the complex. The recently identified hMSH6 gene, another gene involved in DNA stability, is adjacent to hMSH2 , but outside the defined region on 2p16, that most likely harbors the Carney complex locus (74). Interestingly, this region of chromosome 2 is characterized by microsatellite instability in several human tumors, including nonmelanomatous skin cancer and melanoma (75, 76) . Its involvement also in the cy- togenetic aberrations of cells from cardiac myxomas removed from patients with Carney complex (41, 42) , suggests the presence in this region of gene(s) with tumor suppression functions that may affect mesenchymal cells, melanocytes, and adrenocortical and other cells.
